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Abstract

A Boolean function f : {0,1}" — {0,1} is called a dictator if it depends on exactly one variable i.e
f(zx1,2z2,...,2n) = x; for some ¢ € [n]. In this work, we study a k-query dictatorship test. Dictatorship
tests are central in proving many hardness results for constraint satisfaction problems.

The dictatorship test is said to have perfect completeness if it accepts any dictator function. The soundness
of a test is the maximum probability with which it accepts any function far from a dictator. Our main
result is a k-query dictatorship test with perfect completeness and soundness 2551, where k is of the form
2" — 1 for any integer ¢ > 2. This improves upon the result of [TY15] which gave a dictatorship test with

2k+3

soundness =3

1 Introduction

Boolean functions are the most basic objects in the field of theoretical computer science. Studying different
properties of Boolean functions has found applications in many areas including hardness of approximation,
communication complexity, circuit complexity etc. In this paper, we are interested in studying Boolean
functions from a property testing point of view.

In property testing, one has given access to a function f : {0,1}” — {0, 1} and the task is to decide if a
given function has a particular property or whether it is far from it. One natural notion of farness is what
fraction of f’s output we need to change so that the modified function has the required property. A verifier
can have an access to random bits. This task of property testing seems trivial if we do not have restrictions
on how many queries one can make and also on the computation. One of the main questions in this area
is can we still decide if f is very far from having the property by looking at a very few locations with high
probability.

There are few different parameters which are of interests while designing such tests including the
amount of randomness, the number of locations queried, the amount of computation the verifier is
allowed to do etc. The test can either be adaptive or non-adaptive. In an adaptive test, the verifier is allowed
to query a function at a few locations and based on the answers that it gets, the verifier can decide the next
locations to query whereas a non-adaptive verifier queries the function in one shot and once the answers
are received makes a decision whether the function has the given property. In terms of how good the
prediction is we want the test to satisfy the following two properties:

e Completeness: If a given function has the property then the test should accept with high probability

e Soundness: If the function is far from the property then the test should accept with very tiny
probability.
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A test is said to have perfect completeness if in the completeness case the test always accepts. A test with
imperfect completeness (or almost perfect completeness) accepts a dictator function with probability
arbitrarily close to 1. Let us define the soundness parameter of the test as how small we can make the
acceptance probability in the soundness case.

A function is called a dictator if it depends on exactly one variable i.e f(z1,%2,...,2,) = x; for some
i € [n]. In this work, we are interested in a non-adaptive test with perfect completeness which decides
whether a given function is a dictator or far from it. This was first studied in [BGS98, PRS02] under the
name of Dictatorship test and Long Code test. Apart from a natural property, dictatorship test has been used
extensively in the construction of probabilistically checkable proofs (PCPs) and hardness of approximation.

An instance of a Label Cover is a bipartite graph G((4, B), E') where each edge e € E is labeled by a
projection constraint 7. : [L] — [R]. The goal is to assign labels from [L] and [R] to vertices in A and B
respectivels so that the number of edge constraints satisfied is maximized. Let GapLC(1, €) is a promise gap
problem where the task is to distinguish between the case when all the edges can be satisfied and at most ¢
fraction of edges are satisfied by any assignment. As a consequence of the PCP Theorem [ALM 98, AS98]
and the Parallel Repetition Theorem[Raz98], GapLC(1,¢) is NP-hard for any constant ¢ > 0. In [Has01],
Héstad used various dictatorship tests along with the hardness of Label Cover to prove optimal
inapproximability results for many constraint satisfaction problems. Since then dictatorship test has been
central in proving hardness of approximation.

A dictatorship test with k queries and P as an accepting predicate is usually useful in showing
hardness of approximating Max-P problem. Although this is true for many CSPs, there is no black-box
reduction from such dictatorship test to getting inapproximability result. One of the main obstacles in
converting dictatorship test to NP-hardness result is that the constraints in Label Cover are d-to-1 where
the the parameter d depends on ¢ in GapLC(1, €). To remedy this, Khot in [Kho02] conjectured that a Label
Cover where the constraints are 1-to-1, called Unique Games, is also hard to approximate within any
constant. More specifically, Khot conjectured that GapUG(1 — €,¢), an analogous promise problem for
Unique Games, is NP-hard for any constant e > 0. One of the significance of this conjecture is that many
dictatorship tests can be composed easily with GapUG(1 — ¢, €) to get inapproximability results. However,
since the Unique Games problem lacks perfect completeness it cannot be used to show hardness of
approximating satisfying instances.

From the PCP point of view, in order to get k-bit PCP with perfect completeness, the first step is to
analyze k-query dictatorship test with perfect completeness. For its application to construction PCPs there
are two important things we need to study about the dictatorship test. First one is how to compose the
dictatorship test with the known PCPs and second is how sound we can make the dictatorship test. In this

work, we make a progress in understanding the answer to the later question. To make a remark on the first

501/3
question, there is a dictatorship test with perfect completeness and soundness 20(; " and also a way to

compose it with GapLC(1,€) to get a k-bit PCP with perfect completeness and the same soundness that of
the dictatorship test. This was done in [Hual3] and is currently the best know k-bit non-adaptive PCP with
perfect completeness.

Distance from a dictator function: There are multiple notion of closeness to a dictator function. One
natural definition is the minimum fraction of values we need to change such that the function becomes a
dictator. There are other relaxed notions such as how close the function is to juntas - functions that depend
on constantly many variables. Since our main motivation is the use of dictatorship test in the construction
of PCP, we can work with even more relaxed notion which we describe next: For a Boolean function
f :{0,1}" — {0,1} an influence of i*" variable is the probability that for a random input = € {0,1}"
flipping the i*" coordinate flips the value of the function. Note that a dictator function has a variable
whose influence is 1. The influence of i’ variable can be expressed in terms of the fourier coefficients of f
as inf;[f] = Y gcpuies £(5)?. Using this, a degree d influence of f is inf=4[f] = > scinjlies,|sj<a f(8)%
We say that f is far from any dictator if for a constant d all its degree d influences are upper bounded by
some small constant.



In this paper, we investigate the trade-off between the number of queries and the soundness parameter
of a dictatorship test with perfect completeness w.r.t to the above defined distance to a dictator function. A
random function is far from any dictator but still it passes any (non-trivial) k-query test with probability at
least 1/2*. Thus, we cannot expect the test to have soundness parameter less than 1/2*. The main theorem

in this paper is to show there exists a dictatorship test with perfect completeness and soundness at most
2k+1
PLO

Theorem 1.1 Given a Boolean function f : {0,1}" — {0, 1}, for every k of the form 2™ — 1 for any m > 2, there is

a k query dictatorship test with perfect completeness and soundness 2’;;”.
Our theorem improves a result of Tamaki-Yoshida[TY15] which had a soundness of 2’;?3.

Remark 1.2 Tamaki-Yoshida [TY15] studied a k functions test where if a given set of k functions are all the same
dictator then the test accepts with probability 1. They use low degree cross influence (Definition 2.4 in [TY15]) as a
criteria to decide closeness to a dictator function. Our whole analysis also goes through under the same setting as that
of [TY15], but we stick to single function version for a cleaner presentation.

1.1 Previous Work

The notion of Dictatorship Test was introduced by Bellare et al. [BGS98] in the context of Probabilistically
Checkable Proofs and also studied by Parnas et al. [PRS02]. As our focus is on non-adpative test, for an
adaptive k-bit dictatorship test, we refer interested readers to [ST09, HW03, HKO05, EHO8]. Throughout this
section, we use k to denote the number of queries and ¢ > 0 an arbitrary small constant.

Getting the soundness parameter for a specific values of k£ had been studied earlier. For instance, for
k = 3 Hastad [Has01] gave a 3-bit PCP with completeness 1 — € and soundness 1/2 + €. It was earlier shown
by Zwick [Zwi97] that any 3-bit dictator test with perfect completeness must have soundness at at least 5/8.
For a 3-bit dictatorship test with perfect completeness, Khot-Saket [KS06] acheived a soundness parameter
20/27 and they were also able to compose their test with Label Cover towards getting 3-bit PCP with similar
completeness and soundness parameters. The dictatorship test of Khot-Saket [KS06] was later improved
by O’Donnell-Wu [OW09a] to the optimal value of 5/8. The dictatorship test of O’ Donnell-Wu [OW09a]
was used in O’Donnell-Wu [OW09b] to get a conditional (based on Khot’s d-to-1 conjecture) 3-bit PCP with
perfect completeness and soundness 5/8 which was later made unconditional by Hastad [Has14].

For a general k, Samorodensky-Trevisan [ST00] constructed a k-bit PCP with imperfect completeness
and soundness 22VF /2%. This was improved later by Engebretsen and Holmerin [EHO08] to V2 /2% and by
Hastad-Khot [HKO05] to 24Vk/2F with perfect completeness. To break the 200V ok
Samorodensky-Trevisan [ST09] introduced the relaxed notion of soundness (based on the low degree
influences) and gave a dictatorship test (called Hypergraph dictatorship test) with almost perfect
completeness and soundness 2k/2* for every k and also (k + 1)/2* for infinitely many k. They combined
this test with Khot’s Unique Games Conjecture [Kho02] to get a conditional k-bit PCP with similar
completeness and soundness guarantees. This result was improved by Austrin-Mossel [AM09] and they
achieved k + o(k)/2* soundness.

For any k-bit CSP for which there is an instance with an integrality gap of ¢/s for a certain SDP, using
a result of Raghavendra [Rag08] one can get a dictatorship test with completeness ¢ — ¢ and soundness
s + e. Getting the explicit values of ¢ and s for a given value of k is not clear from this result and also it
cannot be used to get a dictatorship test with perfect completeness. Similarly, using the characterization
of strong approximation restance of Khot et. al [KTW14] one can get a dictatorship test but it also lacks
peferct completeness. Recently, Chan [Chal3] significantly improved the parameters for a k-bit PCP which
achieves soundness 2k/2* albeit losing perfect completeness. Later Huang [Hual3] gave a k-bit PCP with

perfect completeness and soundness 20(+'"*) /2%,
As noted earlier, the previously best known result for a k-bit dictatorship test with perfect completeness

is by Tamaki-Yoshida [TY15]. They gave a test with soundness 252 for infinitely many k.




1.2 Proof Overview

Let f : {-1,41}" — {-1,+1} be a given balanced Boolean function !. Any non-adaptive k-query
dictatorship test queries the function f at k locations and receives k bits which are the function output on
these queries inputs. The verifier then applies some predicate, let’s call it P : {0,1}* — {0,1}, to the
received bits and based on the outcome decides whether the function is a dictator or far from it. Since we
are interested in a test with perfect completeness this puts some restriction on the set of & queried
locations. If we denote x1, s, ..., x) as the set of queried locations then the ' bit from (z1, za, ..., T)
should satisfy the predicate P. This is because, the test should always accept no matter which dictator f is.

Let u denotes a distribution on P~!(1). One natural way to sample (z1, 2, ..., ;) such that the test
has a perfect completeness guarantee is for each coordinate i € [n] independently sample (1, o, ..., xk);
from distribution p. This is what we do in our dictatorship test for a specific distribution x supported on
P~1(1). It is now easy to see that the test accepts with probability 1 of f is an i*" dictator for any i € [n].

Analyzing the soundness of a test is the main technical task. First note that the soundness parameter
of the test depends on P~!(1) as it can be easily verified that if f is a random function, which is far from
any dictator function, then the test accepts with probability at least Pl 21,6(1” . Thus, for a better soundness
guarantee we want P to have as small support as possible. The acceptance probability of the test is given
by the following expression:

Pr[Test accepts f] = E[P(f(x1), f(x2), -, f(zk))]

=~ +E > PO ] i)
SC[k], S0 i€s
Thus, in order to show that the test accepts with probability at most ”3_272(1)‘ + € it is enough to show that
all the expectations Eg := | E[[[;cg f(x:)]| are small if f is far from any dictator function. Recall that at this
point, we can have any predicate P on k bits which the verifier uses. As we will see later, for the soundness
analysis we need the predicate P to satisfy certain properties.

For the rest of the section, assume that the given function f is such that the low degree influence of
every variable ¢ € [n] is very small constant 7. If f is a constant degree function (independent of n) then
the usual analysis goes by invoking invariance principle to claim that the quantity Eg does not change by
much if we replace the distribution y to a distribution ¢ over Gaussian random variable with the same first
and second moments. An advantage of moving to a Gaussian distribution is that if ; was a uniform and
pairwise independent distribution then so is £ and using the fact that a pairwise independence implies a
total independence in the Gaussian setting, we have Es ~ |[[,.q E[f(g:)]|. Since we assumed that f was a
balanced function we have E[f(g;)]| = 0 and hence we can say that the quantity Eg is very small.

There are two main things we need to take care in the above argument. 1) We assumed that f is a low
degree function and in general it may not be true. 2) The argument crucially needed p to satisfy pairwise
independence condition and hence it puts some restriction on the size of P~!(1) (Ideally, we would like
|P~1(1)] to be as small as possible for a better soundness guarantee). We take care of (1), as in the previous
works [TY15, OW09a, AM09] etc., by requiring the distribution ;1 to have correlation bounded away from 1.
This can be achieved by making sure the support of p is connected - for every coordinate i € [k| there exists
a,b € P~1(1) which differ at the 7! location. For such distribution, we can add independent noise to each
co-ordinate without changing the quantity Es by much. Adding independent noise has the effect that it
damps the higher order fourier coefficients of f and the function behaves as a low degree function. We can
now apply invariance principle to claim that Eg ~ 0. This was the approach in [TY15] and they could find
a distribution ;» whose support size is 2k + 3 which is connected and pairwise independent.

In order to get an improvement in the soundness guarantee, our main technical contribution is that we
can still get the overall soundness analysis to go through even if ;s does not support pairwise independence
condition. To this end, we start with a distribution u whose support size is 2k + 1 and has the property that

1Here we switch from 0/1 to +1/ — 1 for convenience. With this notation switch, balanced function means E[f(z)] = 0



it is almost pairwise independent. Since we lack pairwise independence, it introduces few obstacles in the
above mentioned analysis. First, the amount of noise we can add to each co-ordinate has some limitations.
Second, because of the limited amount of independent noise, we can no longer say that the function f
behaves as a low degree function after adding the noise. With the limited amount of noise, we can say
that f behaves as a low degree function as long as it does not have a large fourier mass in some interval
i.e the fourier mass corresponding to f(T')? such that |T| € (s, S) for some constant sized interval (s,S)
independent of n. We handle this obstacle by designing a family of distributions u1, pto, . . ., ptr for large
enough r such that the intervals that we cannot handle for different y;’s are disjoint. Also, each p; has the
same support and is almost pairwise independent. We then let our final test distribution as first selecting
i € [r] u.a.r and then doing the test with the corresponding distribution ;. Since the total fourier mass of
a —1/ + 1 function is bounded by 1 and f was fixed before running the test it is very unlikely that f has
a large fourier mass in the interval corresponding to the selected distribution p;. Hence, we can conclude
that for this overall distribution, f behaves as a low degree function. We note that this approach of using
family of distributions was used in [Has14] to construct a 3-bit PCP with perfect completeness. There it was
used in the composition step.

To finish the soundness analysis, let f be the low degree part of f. The argument in the previous

paragraph concludes that Es ~ |E[[];c4 f(x:)]|. As in the previous work, we can now apply invariance

principle to claim that Es ~ |E[[[,cs f(g:)]| where the i** coordinate (gi,gs,...,gx); is distributed

according to £ which is almost pairwise independent. We can no longer bring the expectation inside as our
distribution lacks independence. To our rescue, we have that the degree of f is bounded by some constant
independent of n. We then prove that low degree functions are robust w.r.t slight perturbation in the
inputs on average. This lets us conclude E[[[;c 5 flg)] ~ Ell[;cs f(hi)] where (hy, ha, ..., hy); is pairwise
independent. We now use the property of independence of Gaussian distribution and bring the
expectation inside to conclude that Es ~ | E[]],.¢ f(rR)] =] [Lics E[f(h)]| = 0.

2 Organization

We start with some preliminaries in Section 3. In Section 4 we describe our dictatorship test. Finally, in
Section 5 we prove the analysis of the described dictatorship test.

3 Preliminaries

For a positive integer k, we will denote the set {1,2,...,k} by [k]. For a distribution y, let n®" denotes the
n-wise product distribution.

3.1 Analysis of Boolean Function over Probability Spaces

For a function f : {0,1}" — R, the Fourier decomposition of f is given by

f@) =" F(T)xr(z) where xr(z) := [[(-1)" and f(T) = E  f()xr(a).
]

TCn i€T v€{0,1}"

The Efron-Stein decomposition is a generalization of the Fourier decomposition to product distributions of
arbitrary probability spaces.

Definition 3.1 Let (2, 1) be a probability space and (™, u®™) be the corresponding product space. For a function
f: Q™ = R, the Efron-Stein decomposition of f with respect to the product space is given by

f(zla”' 79377.) = Z fﬁ(x)a
BC[n]



where f5 depends only on x; fori € B and for all B’ 2 B,a € Q% , Byepon [fo(x) | x5 = a] = 0.
Let || fllp := Esepen(lf(2)[P]V/7 for 1 < p < oo and || f]loc == max,eqen |f(2)] .

Definition 3.2 For a multilinear polynomial f : R" — R and any D € [n] define

f=P = Z f(T)XT

TC[n],|T|<D
ie. f<P isdegree D part of f. Also define f>P = f — f<P.

Definition 3.3 For i € [n], the influence of the ith coordinate on f is defined as follows.

Inf;[f] :== E Varg, [f(z1,+2n)] = Y [If5ll3-

L1y Li—15Ti415"" Tm ,816,@
For an integer d, the degree d influence is defined as

Inf=(f = > Isllse
BHi€p,|B|<d

It is easy to see that for Boolean functions, the sum of all the degree d influences is at most d. A dictator is a
function which depends on one variable. Thus, the degree 1 influence of any dictator function is 1 for some
i € [n]. We call a function far from any dictator if for every i € [n], the degree d influence is very small for
some large d. This motivates the following definition.

Definition 3.4 ((d, 7)-quasirandom function) A multilinear function f : R" — R is said to be
(d, T)-quasirandom if for every i € [n] it holds that

Yoo f8rsr

i€SC[n],|S|<d
We recall the Bonami-Beckner operator on Boolean functions.

Definition 3.5 For v € [0,1], the Bonami-Beckner operator Ti_. is a linear operator mapping functions
f:{0,1}™ = R to functions T\ _ f : {0,1}" — Ras T1_ f(x) = Ey[f(y)] where y is sampled by setting y; = x;
with probability 1 — -y and y, to be uniformly random bit with probability ~ for each i € [n] independently.

We have the following relation between the fourier decomposition of 77 _., f and f.

Fact3.6 Ti_,f = Y pc (1 — 1T F(T)xr.

3.2 Correlated Spaces

Let ©; x 25 be two correlated spaces and 1 denotes the joint distribution. Let ; and p2 denote the marginal
of u on space €2y and (2 respectively. The correlated space p(£2; x s; i) can be represented as a bipartite
graph on (€21, Q2) where x € € is connected to y € Q9 iff u(z,y) > 0. We say that the correlated spaces is
connected if this underlying graph is connected.

We need a few definitions and lemmas related to correlated spaces defined by Mossel [Mos10].

Definition 3.7 Let (1 x Qq, p1) be a finite correlated space, the correlation between 0y and Qo with respect to 11 us
defined as
p(, Qos ) = max E [f(2)g(y)l]-
F:015R,E[f]=0,E[f*]<1 (z,y)~p
9:9: >R, E[g]=0,E[¢°]<1



The following result (from [Mos10]) provides a way to upper bound correlation of a correlated spaces.

Lemma 3.8 Let (4 % Qq, 1) be a finite correlated space such that the probability of the smallest atom in Qy x Qg is
at least o > 0 and the correlated space is connected then

p(Q, Qa5 p) <1 —a?/2

Definition 3.9 (Markov Operator) Let (21 x Qq, ) be a finite correlated space, the Markov operator, associated
with this space, denoted by U, maps a function g : Qs — R to functions Ug : Q; — R by the following map:

(Ug)(z):= E [g(Y)|X =zl
(XY )~p

In the soundness analysis of our dictatorship test, we will need to understand the Efron-Stein
decomposition of Ug in terms of the decomposition of g. The following proposition gives a way to relate
these two decompositions.

Proposition 3.10 ([Mos10, Proposition 2.111) Let ([T7_, Q" x [T, @ 1", m:) be a product correlated
spaces. Let g : T[], QEQ) — R be a function and U be the Markov operator mapping functions form space
T, ng) to the functions on space M, oM. Ifg = > scim 9s and Ug = Y gc,(Ug)s be the Efron-Stein
decomposition of g and U g respectively then,

(Ug)s = Ulgs)

i.e. the Efron-Stein decomposition commutes with Markov operators.

Finally, the following proposition says that if the correlation between two spaces is bounded away from 1
then higher order terms in the Efron-Stein decomposition of Ug has a very small /> norm compared to the ¢,
norm of the corresponding higher order terms in the Efron-Stein decomposition of g.

Proposition 3.11 ([Mos10, Proposition 2.12]) Assume the setting of Proposition 3.10 and furthermore assume
that p(le)7 952); wi) < pforall i € [n], then for all g it holds that

1U(gs)ll2 < p*Mllgs]l2-

3.3 Hypercontractivity

Definition 3.12 A random variable r is said to be (p, q, n)-hypercontractive if it satisfies
la+mnrlq < lla+rl,
foralla € R.

We note down the hypercontractive parameters for Rademacher random variable (uniform over +1)
and standard gaussian random variable.
Theorem 3.13 ([Wol071[O1e03]) Let X denote either a uniformly random =£1 bit, a standard one-dimensional
. . 1 .
Gaussian. Then X is (27 4 ﬁ)—hypercontmctwe.

The following proposition says that the higher norm of a low degree function w.r.t hypercontractive
sequence of ensembles is bounded above by its second norm.

Proposition 3.14 (IMOOO05]) Let « be a (2, g, n)-hypercontractive sequence of ensembles and Q) be a multilinear
polynomial of degree d. Then

Q@) g < 1~ Q)2



3.4 Invariance Principle

Let u be any distribution on {—1,+1}*. Consider the following distribution on x1, s, ...,z € {—1,+1}"
such that independently for each i € [n], ((x1);, (®2)i, ..., (xk);) is sampled from p. We will denote this
distribution as p®". We are interested in evaluation of a multilinear polynomial f : R” — R on
(z1, 22, ..., x1) sampled as above.

Invariance principle shows the closeness between two different distributions w.r.t some quantity of interest.
We are now ready to state the version of the invariance principle from [Mos10] that we need.

Theorem 3.15 ([Mos10]) Forany o > 0,e > 0,k € N there are d, 7 > 0 such that the following holds: Let 11 be
the distribution on {+1, —1}" satisfying

1. Eg~plzi] = 0 for every i € [k]
2. u(x) > aforevery x € {—1,+1}* such that ju(x) # 0

Let v be a distribution on standard jointly distributed Gaussian variables with the same covariance matrix as
distribution (1. Then, for every set of k (d, T)-quasirandom multilinear polynomials f; : R" — R, and suppose
Var[f79] < (1 — )% for 0 < v < 1 it holds that

] o]

and 7 such that ¢ = 790/1°8(1/2) where Q)(.) hides constant depending only on

(z1,22,... wk)NM@”’ (91,92, ,gk

log(1/7)
og(1/a)

(Note: one can take d =
k.)

4 Query efficient Dictatorship Test

We are now ready to describe our dictatorship test. The test queries a function at k locations and based on
the k bits received decides if the function is a dictator or far from it. The check on the received k bits is
based on a predicate with few accepting inputs which we describe next.

4.1 The Predicate

Let k = 2™ — 1 for some m > 2. Let the coordinates of the predicate is indexed by elements of F3* \ 0 =:
{w1, w2, ..., wam_1}. The Hadamard predicate H}, has following satisfying assignments:

Hy, = {zx€{0,1}*|3a e FP' \ 0.t Vi € [k],z; = a - w;}

We will identify the set of satisfying assignments in H}, with the variables hi, ho, ..., hj.

Our final predicate Py, is the above predicate along with few more satisfying assignments. More
precisely, we add all the assignments which are at a hamming distance at most 1 from 0% ie.
Pr = H U, e; UOF.



4.2 The Distribution Dy,

For 0 < e < 7, consider the following distribution Dy . on the set of satisfying assignments of P, where
a:=(k—1e.

Probabilities Assignments

Dk,e%{m Ly e g

11a(k~1k1_a><_{0 0 «evvnn 0
hy
1 1 ha
1a(k+1_6><_
hi;

1 0 «oee-- 0

. 0 1 -vv--- 0

1foz<_
0 0 -coen- 1,

where each h; gets a probability mass ﬁ(%ﬂ — ¢) and each ¢; gets weight . The reasoning behind
choosing this distribution is as follows: An uniform distribution on Hj, U0* has a property that it is uniform
on every single co-ordinate and also pairwise independent. These two properties are very useful proving
the soundness guarantee. One more property which we require is that the distribution has to be connected.
In order to achieve this, we add k extra assignment {eq, e, . . . , e } and force the distribution to be supported
onall H,UY_ e;U0%. Even though by adding extra assignments, we loose the pairwise independent property
we make sure that the final distribution is almost pairwise independent.

We now list down the properties of this distribution which we will use in analyzing the dictatorship
test.

Observation 4.1 The distribution Dy, . above has the following properties:
1. Dy, is supported on Py,
2. Marginal on every single coordinate is uniform.

3. For i # j, covariance of two variables x;, x; sampled form above distribution is: Cov|x;, z;] = —5—ay-

4. If we view Dy, . as a joint distribution on space [[r_, X where each X = {0,1}, then for all i € [k],
2

p (X(i)7Hj€[k}\{i} X(j)m’“) s arar

Proof: We prove each of the observations about the distribution. The first property is straight-forward. To
prove (2), we compute E[z;] as follows.

1 1 1 e
E[xi](k+1)'1—a<k+16)'2+1—a

_ l—e(k+1)+2e
B 2(1 — a)

/| N =

Consider the quantity DE [iz;]. 1
k

€

x is sampled from 0’s or e;’s, the value is 0. Moreover, we know

that if it is sampled uniformly from Hj, U 0%, it is 1/4 because of pairwise independence and the above fact.



Therefore, we can write

1
B o] = (kD=7 (/m - ) 1

We know that E [z;] = DE [z;] = 1/2. Therefore,

ke ke
Cov|z;,z;] = E |ziz;] — E |zi] E |z;
ovlaisz;) = B lr) = B o] B [n)

1 ek+1) 1

41—a) 401-a) 4
2(1 — )

To prove the last item, we first show that the bi-partite graph G (X O 11 sepngiy X 28 E) where (a,b) €
X0 x ITemp g XU) is an edge iff Pr(a,b) > 0, is connected. To see that the graph is connected, note

that for both 0 and 1 on the left hand side, 0! is a neighbor on the right hand side as the distribution’s
support includes e; for all 4, and 0. From the distribution, we see that the smallest atom is at least =,
since € < 1/k?. We now use Lemma 3.8 to get the required result. [ |

4.3 Dictatorship Test

We will switch the notations from {0,1} to {+1,—1} where we identify +1 as 0 and —1 as 1. Let f :
{-1,41}" — {—1,+1} be a given boolean function. We also assume that f is folded i.e. for every x €
{-1,+1}", f(x) = —f(—x). We think of P}, as a function Py : {—1,+1}* — {0,1} such that P,(z) = 1 iff
z € Py. Consider the following dictatorship test:

s a

Test Tj; 5
1. Sample @1,z -+ , &) € {—1,+1}" as follows:
(a) For each ¢ € [n], independently sample ((x1);,(%2):, -, (xr);) according to the

distribution Dy 5.

2. Checkif (f(x1), f(x2), -, f(xr)) € Py.

The final test distribution is basically the above test where the parameter § is chosen from an appropriate

distribution. For a given k% >e>0,leterr = 62/75 and define the following quantities : ¢g = € and for j > 0,

L10 \F
_ T\ en3e
€541 = err-2 il

Test 7, .

1. Setr = (&)
2. Select j from {1, 2, ..., r} uniformly at random.
3. Set 6= €j

4. Run test T 5.

We would like to make a remark that this particular setting of €;; is not very important. For our
analysis, we need a sequence of ¢;’s such that each subsequent ¢; is sufficiently small compared to €;_;.

10



5 Analysis of the Dictatorship Test

Notation: We can view f : {-1,+1}" — {-1,+1} as a function over n-fold product set
X)X Xy x -+ x X, where each X; = {1, +1}{i}. In the test distribution 7} s, we can think of x; sampled

from the product distribution on Xl(i) X Xz(i) x -+ x X", With these notations in hand, the overall
distribution on (z1, 2, - - - , k), from the test 7 s, is a n-fold product distribution from the space

[

where we think of H?zl Xj(i) as correlated space. We define the parameters for the sake of notational
convenience:

1. B = 1_(,;711)61 be the minimum probability of an atom in the distribution Dy, .

k)i

2. Sj+1 = log(a EJQ_ and Sj = Sj+1 for 0 S] <.

3. aj = (k—1)¢j for j € [r],

5.1 Completeness

Completeness is trivial, if f is say ith dictator then the test will be checking the following condition

((®1)is (22)i, -+, (2):) € Pr

Using Observation 4.1(1), the distribution is supported on only strings in Pj,. Therefore, the test accepts
with probability 1.

5.2 Soundness

Lemma 5.1 For every 7z > € > 0 there exists 0 < 7 < 1,d € N such that the following holds: Suppose f is such
that for all i € [n], inf=(f) < 7, then the test T4 . accepts with probability at most 25t + €. (Note: One can take

T such that TQk(err/IOST log(1/B:)) < err and d = 1})0:((11//[;'3) .)

Proof: The acceptance probability of the test is given by the following expression:

Pr[Test accepts f] = TE (Pr(f(x1), f(22),- -, fxk))]

ke
After expanding P, in terms of its Fourier expansion, we get
2k+1 N
Pr[Test accepts f] = i + E Z Pi(S) Hf(:c,»)

2k 7
Tice | scir].s0 =r

H f(mi)]
i€S

2k +1 N
= T E Pi(S) E
2 TV
Sg[kLS#@ ke

SEAREES'S Hf(:ni)H (IPe(5)] < 1)

SCk],S0 i€S

2 s e M|

SCIk,|S|>2 ics

E
T/

k,e

E

11



In the last equality, we used the fact that each ; is distributed uniformly in {—1,+1}" and hence when
S = {i}, E[f(x;)] = f() = 0. Thus, to prove the lemma it is enough to show that for all S C [k] such that
1S| > 2, E [[;es f(x:)] < 5. This follows from Lemma 5.2. ]

Lemma 5.2 Forany S C [k] such that |S| > 2,

E 7] [D‘X’"
J

The proof of this follows from the following Lemmas 5.3 ,5.4, 5.5.

Hf:m” <o

€S

Lemma 5.3 Forany j € [r] and for any S C [k], |S| > 2 such that S = {{1,£a, ..., 0},

e [T seo| - 2 [ (i %8| <2k, 5 e
Dy Lees key LbiES 5;<IT|<S;

2k? -8
err

where v; = £~ zmd d; ; is a sequence given by d; 1 = log (£) and d;; = (dj1) for1 <i <t.
Lemma 5.4 Let j € [r] and v; be a distribution on jointly distributed standard Gaussian variables with same
covariance matrix as that of Dy, ;. Then for any S C [k], |S| > 2 such that S = {{1,{s,...,l;},

E
po"

V€5

H (T1*7j f)gdj‘i(wfi)‘| - E

0;€S (91,92,---,9k)

H (11—, f)gdj‘i(gi)] < erry

~p®n
J 0; €S
where d; ; from Lemma 5.3 and erry = 7%+ (13/108(1/8:)) (Note: Q(.) hides a constant depending on k).

Lemma 5.5 Let k > 2 and S C [k] such that |S| > 2 and let f : R™ — R be a multilinear polynomial of degree
D > 1 such that ||f||2 < 1. If G be a joint distribution on k standard gaussian random variable with a covariance
matrix (1 + §)I — 6J and H be a distribution on k independent standard gaussian then it holds that

E, [H fe)| - E |11 f(hi)]

Proofs of Lemma 5.3, 5.4, 5.5 appear in Section 6. We now prove Lemma 5.2 using the above three claims.

< 5 - (Qk)sz

Proof of Lemma 5.2: Let S = {{y, {5, ...,{;}. We are interested in getting an upper bound for the following
expectation:
E ] [D®"

Let us look at the inner expectation first. Let 7; = £ and the sequence d;; be from Lemma 5.3. We can

upper bound the inner expectation as follows:
+2-err+k Z f(T)? (by Lemma 5.3)
5;<|T|<S;
[ (@, HZi(gi) || +erra+2-err+k | > F(1)2, (5.1)
s;<|T|<S;

L;eS

D®n
€J

o]

L;eS

I |

;€S

IN

E

®n
’Dk‘e

[ (T, )= (2e,)

L;eS

0;eS

& L=

E

(91,92,-:gK)~vE"

(by Lemma 5.4) <

12



where erry = 7%(:/108(1/5:)) and v; has the same covariance matrix as Dy .. If we let §; =

Observation 4.1(3), the covariance matrix is precisely (1 + d;)I — 6;J (note that we switched from 0/1 to
—1/ + 1 which changes the covaraince by a factor of 4). Each of the functions (T}, f)=% has ¢, norm
upper bounded by 1 and degree at most d; ;. We can now apply Lemma 5.5 to conclude that

H (T1—, f)édj’i (91)1

l;,eS

E +3; - (2k)?Fdie - (5.2)

(91,92,--,gK)~v 2"

[T (Tiey )= (ha)

L, eS

where h;’s are independent and each h; is distributed according to N (0,1)". Thus,

H(Tl 2 F)=% (R 1 HE (Ty—r, £)=% % (hy)]

E
(h1,h2,...;h) l,€8 ‘; ES

= (@ D) = Gy =o, 53)

where we used the fact that f is a folded function in the last step. Combining (5.1), (5.2) and (5.3), we get

H f wz ‘| S 5 . (2k)2kdj,t) + (TQk(Vj/log(l/ﬁj))) +2-err+ k Z f(T)Q (54)
tes 5, <|TI<S;

We now upper bound the first term. For this, we use a very generous upper bounds d;; < »— and
j—1

— errd €
(Sj S 46j.

D®"

8 (2k)%Fdie < (4e; - (2k)%F)

(=)
err3
ng.Q -1

(&)
< err. using €; = err - 2 erdej—1

The second term in (5.4) can also be upper bounded by err by choosing small enough .

max{ (Tszkm/logu/aj)))} < (Tw%/log(l/ar») < err.
J

Finally, taking the outer expectation of (5.4), we get

D®"

Hfil:g] <4-err+k E

Ges I€"r

Using Cauchy-Schwartz inequality,

f < f()
EA NI BN i e

where the last inequality uses the fact that the intervals (s;,S;) are disjoint for j € |[r] and
I£12 = 32, f(T)? < 1. The final bound we get is

x <
JE[T |:’D®" H fa ]] EG [ DE™
€ L;eS ke

as required. |

k
Hfacg ]] §4~err+W§5.err§ oF

L;eS

13



6 Proofs of Lemma 5.3,5.4 & 5.5

In this section, we provide proofs of three crucial lemmas which we used in proving the soundness analysis
of our dictatorship test.

6.1 Moving to a low degree function

The following lemma, at a very high level, says that if change f to its low degree noisy version then the loss
we incur in the expected quantity is small.

Lemma 6.1 (Restatement of Lemma 5.3) For any j € [r] and for any S C [k|, |S| > 2 such that
S = {81,62, e 7£t}/

B ||~ [T 0| <2erer [5 fae
Y%, Léiés DY Léiés s;<IT|<S;
where ~; = £ and dj; is a sequence given by d;, = Qk:rfj log (&) and d;; = (d;q)" for1 <i <.

Proof: The proof is presented in two parts. We first prove an upper bound on

= E |[] flee)| - E H(lef)(a:gi)] <er+k | Y f(1)? (6.1)
DY Lies 0o Lies s; <ITI<S;

and then an upper bound on

Ly = E H(Tl—’vjf)(m&:) - E H(Tl—%'f)<dj’i(mh)‘| Serr. (6'2)
YL Liés YL Liés

Note that both these upper bounds are enough to prove the lemma.
Upper Bounding I'y: The following analysis is very similar to the one in [TY15], we reproduce it here for

the sake of completeness. The first upper bound is obtained by getting the upper bound for the following,
for every a € [t].

Fl,a =

E [H o) [T(1-, f)(“%)] g

@n
Die; |i>a i<a

[H fle) [T, f)(wm] ‘ (6.3)

;| i>a i<a

Note that by triangle inequality, I't <> 1 T'1a-

a€lt

63)=| E |(fl@e,) = Tiv, f(=e,)) [] f(=0) H(Tl—wjf)(fcz,-)] |

Rn
théj L i>a i<a

=| B |(id=Ti-,) f(ze,) ][] f(ze) H(Tl—wf)(ﬁcei)] ‘

Dz?:j L i>a i<a
= E U ((id = Ti—v,) )@ geierniapy) [[ F@e) [T, f)(ﬁ%)] ‘ (6.4)
koe; L i>a i<a

14



where U is the Markov operator for the correlated probability space which maps functions from the space
X to the space [Licipgar ¥ (¢). We can look at the above expression as a product of two functions,
F = [Lisa fILica(Ti—+, f) and G = U(id — T1_,) f). From Observation 4.1( 4), the correlation between

2
spaces (X(Za)v [Licupfay X“i)) is upper bounded by 1 — (&) < 1— €} =: p;. Taking the Efron-Stein
decomposition with respect to the product distribution, we have the following because of orthogonality of
the Efron-Stein decomposition,

(6.4): E [GXF] = E [GTXFT]
DL, TCn) PRt
(by Cauchy-Schwartz) < Z | Frli3 Z 1Grl3 (6.5)
TCln) TCln)

where the norms are with respect to D,?Zj’s marginal distribution on the product distribution
[Ticipgar ¥ (t). By orthogonality, the quantity . / > TCn) | Fr||3 is just ||F|2. As F is product of function

whose range is [—1, +1], rane of F'is also [—1, +1] and hence ||F'||2 is at most 1. Therefore,

65) < | > lIGr]3 (6.6)
TCn]

We have G = (UG")r, where G' = (id — T1_,,)f. In G7, the Efron-Stein decomposition is with
respect to the marginal distribution of D,?’Zj on X (a), which is just uniform (by Observation 4.1(2)). Using
Proposition 3.10, we have G = UG’ = U(id — T\, ) fr. Substituting in (6.6), we get

(6.6) = [ > |UGf —Ti—y,) fr)lI3 (6.7)

TC[n]

We also have that the correlation is upper bounded by p;. We can therefore apply Proposition 3.11, and
conclude that for each T C [n],

. T/
1UGd = T, ) frll> < 95l (id = Tas ) o
where the norm on the right is with respect to the uniform distribution. Observe that

IGid = Tas) frll3 = (1= (1= 7)) A(T)?

Substituting back into (6.7), we get

(6.7) SJ S P — (1= )72 (72 68)
TC(n]
Term(e;,v;,T)
We will now break the above summation into three different parts and bound each part separately.
O = Z Term(e;,v;,T) Oy = Z Term(e;,v;,T)
TC[nl, 7C[nl,
|T|<s; 5;<|T|<S;
O3 := Z Term(e;, v, T)
TC[n],
IT|>5;

15



e Upper bounding O;:
= Z Term(e;,v;,T) = Z p?m(l -1 f’yj)m)Qf(T)Q < Z (1—(1- )‘T‘) f(T)Q-

TC[n], TC[n], TC[n],
ITI<s; IT|<s; IT|<s;

For every |T| < s; we have 1 — (1 — v;)!”! < err; /k. Thus,
(errl) Z f
|T|<SJ

e Upper bounding O3:

3 Term(e D) = Y 27— (-T2 i < Y 2T ()

C TCln], TC[n],
IT|=5; |T|=S; IT|>5;
For every |T'| > S; we have pl l<@a- )Tl < erry /k. Thus,
(errl) Z f
\T\>S

Substituting these upper bounds in (6.8),

erry\ 2 A R
I < (T) Tg{:] f(T)* + Z f(T)?
|T|<s;0r|T|25, 5;<|T|<S;
erry\ 2 A . N
< | (== 2 <
< ( . ) + Z f() (since > f(I)* <1)
Sj<|T|<Sj
< e;% + f(T)2. (using concavity)
55 <|T|<S;

The required upper bound on I', follows by using I'y < 3~ . I'1,o and the above bound.

a€lt]

Upper Bounding I';: We will now show an upper bound on I';. The approach is similar to the previous
case, we upper bound the following quantity for every a € []

F2,a =

E [H(Tl—w,-f)(mei)H(Tl—wij”)(wzi)] - E [H(Tl 2 D) (@e) [[(1- w]f<d“")(mei)”

- n :
kej i>a i<a Dk,ej i>a i<a

=1k (L1 f(@e,) = Tasyy J55 (@0,)) [] Timny fl@e) [ [(T1, f<d-7’i)($e,i)] ‘
kyej i>a i<a
= E |(I- o £ (@g,)) [T Ty ) [T (T, f<d'7'i)($e,i)] | (6.9)
Dk,?j >a i<a
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By using Holder’s inequality we can upper bound (6.9) as:

(6.9) < 171, £ 2 [T T2, Fllzc—1) [T 171, £5% -1y, (6.10)

i>a i<a

where each norm is w.r.t the uniform distribution as marginal of each x,, is uniform in {+1,—1}". Now,
|Ti—, fll2t—1) < 1 as the range if Ty_,, f is in [-1,+1]. To upper bound ||T1_, f<%||2;—1), We use
Proposition 3.14 and using the fact that {—1,+1} uniform random variable is (2,¢,1/v/q —1I)
hypercontractive (Theorem 3.13) to get

1T1—, f= l2¢e—1) < (2t — 3) i ||T1,%f§davi||2 < (2t)%.

Plugging this in (6.10), we get

(6.10) < [Ty, 7o o [T (2005 < (1= )% - [T 20y

i<a i<a
< e V% (Qk)k'dj,a—l
< e Bbe L (g)kdian (6.11)
Now,
dj1-dja-1=dja
2](12 . Sj k
1 ) od o =ds
err B (err) dja=1 = dja
k2 - s; k k% s, k
1 — 2] — | digo1 < d;
err 8 (err) T 8 <err> pat =Ta
k-s: k k2. s
Sj IOg <> + SJ . 10g(2k) . dj,a—l S dj,a
err err err
k . Sj ]{1
at — ~di4—1log(2 =d;
g <og (err) +k-djq—1log( k)) dja
k- S5 k k-d;
-1 —(2k)¥ a1 ) =d.
err o8 (err( ) 7
This implies

k err
1 22k ke dia-1 ) = L.
) (err( k) ) ks Do

err

= i(2/@‘)’“'%’“‘1 = ke Y
err

Thus from (6.11), we have I';, < . To conclude the proof, by triangle inequality we have
Iy < Zae[t] Iyq <err. [ |

6.2 Moving to the Gaussian setting

We are now in the setting of low degree polynomials because of Lemma 5.3. The following lemma let us
switch from our test distribution to a Gaussian distribution with the same first two moments.
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Lemma 6.2 (Restatement of Lemma 5.4) Let j € [r] and v; be a distribution on jointly distributed standard
Gaussian variables with same covariance matrix as that of Dy c,. Then for any S C [k], |S| > 2 such that S =
{100, ..., 0},

E
®Xn
Dk,ej

<erry

11 <T1-wf>fd-w<wei>] - E
(g1.92;--

Les i)~

I @, f)de’i(gi)]
ies

where d; ; from Lemma 5.3 and erry = 7%+ (13/108(1/6:)) (Note: Q)(.) hides a constant depending on k).

Proof: Using the definition of (d, 7)-quasirandom function and Fact 3.6, if f is (d, 7)- quasirandom then so
isTh_~ f forany 0 <y < 1. Also, T _~ f satisfies

Var[Ty f> = 3 (L =)THT)? < (1= Y A1) < (1—7)™

TC[n) TC[n]
IT|>d IT|>d
The lemma follows from a direct application of Theorem 3.15. u

6.3 Making Gaussian variables independent

Our final lemma allows us to make the Gaussian variables independent. Here we crucially need the
property that the polynomials we are dealing with are low degree polynomials. Before proving
Lemma 5.5, we need the following lemma which says that low degree functions are robust to small
perturbations in the input on average.

Lemma 6.3 Let f : R™ — R be a multilinear polynomial of degree d such that || f||2 < 1 suppose x,z ~ N (0,1)"
be n-dimensional standard gaussian vectors such that Elx;z;] > 1 — ¢ for all i € [n]. Then

E[(f(z) — f(2))?] < 24d.

Proof: For T C [n], we have

Bler(@)vr(=)) = [[ Bzl = [[0-9) = 1= 0)"
We now bound the following expression,
E((f(z) - [(2))!] = Elf(2)* + f(2)* — 2f () ()]
= Y JM?Q—2Elr(@)xr(2)

TC[nl,|T|<d
<2 ) fMPa-(a-9)")
TCn],|T|<d
<2- ) f@PIT)
TCn],|T|<d
<25d- > f(T)* <244,
TC[n],|T|<d
where the last inequality uses || f||2 < 1. [ |

We are now ready to prove Lemma 5.5.



Lemma 6.4 (Restatement of Lemma 5.5) Let £ > 2and 2 < t < kandlet f : R" — R be a multilinear
polynomial of degree D > 1 such that || f||2 < 1. If G be a joint distribution on k standard gaussian random variable
with covariance matrix (1 4 6)I — §J and H be a distribution on k independent standard gaussian then it holds that

o] 2 ]

ieft] i€(t]

(2k)2Dk

Proof: LetX = (1+d)I—dJ be the covariance matrix. Let M = (1 —¢")((1+4 8)I— 5J) be a matrix such that
M? = . There are multiple M which satisfy M? = 3. We chose the M stated above to make the analysis
simpler. From the way we chose M and using the condition M? = ¥, it is easy to observe that 3 and ¢’
should satisfy the following two conditions:

_ 2 _
176/:; and w:,(g'

1+ (k-1)p2 1+ (k—1)82

Since H is a distribution of k£ independent standard gaussians, we can generate a sample x ~ G by sampling
y ~ H and setting * = My. In what follows, we stick to the following notation: (hy, ha, ..., h;) ~ H®™" and
(917927 . ;gk)j = M(hl, ho,..., hk>j for eachj € [n]

Because of the way we chose to generate g;s, we have for alli € [k] and j € [n], E[(g:);(h;);]=1—¢ >
1 — kB2, To get an upper bound on f3, notice that 3 is a root of the quadratic equation (k + 6k — 6 — 2)3? —
268+6=0.Letk' = (k+ 0k — 6 — 2),if 1, B2 are the roots of the equation then they satisfy: k81 + k'2 = 2
and (k') (K B2) = 6k’ and 31, B2 > 0. Thus, we have min{k’;, k'32} < 6k’ and hence, we can take /5 such
that 5 < 6.

We wish to upper bound the following expression:

H@ﬂ |:Hfgz Hf(hi)]|-

1€[t] 1€[t]

Define the following quantity

E llll:[f(h])r[.f(gy H H fgg]

Jj=i+1

n
H j=1 J=i =1 j=i+1

Ii=| E ﬁf(hj)Hf(gJ')_Hf(hj) I1 f(gj)”

HEn

=| E (f(gi)—f(hi))-f[f(hj)l—[ f(gj)”

i—1 t

<¢£ﬁﬂm—ﬂmW1H E [f(h)*" V)7 [] B [f(g)* V)7,

®n ®n
Jj=1 H Jj=i+1 H

where the last step uses Holder’s Inequality. Now, the marginal distribution on each h; and g; is identical
which is V(0,1)", we have

ng¢£ﬂﬂm Ipwwl>nnmwu

Jj=i+1

<¢EKﬂm%¢WMﬂwaFM‘

'H(gm
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Since a standard one dimensional Gaussian is (2,q,1/y/q — I)-hypercontractive (Theorem 3.13), from
Proposition 3.14, || f[l2¢—1) < (v2t = 3)P|| f[l2 < (v2t = 3)P < (2¢)P/2. Thus,

HEOn

T, < (20)P0D/2. \/ E [(f(9:) — f(R))?]

Now, each g;, h; are such that such that E[(g;); - (h;);] = 1— & > 1 — ké? for every j € [n]. We can apply
Lemma 6.3 to get Ewon [(f(g:) — f(h;))?] < 2k§*D. Hence, we can safely upper bound T'; as

Iy < (2t)P¢=D/2 9k5D.

Therefore, I' < 3", T; < t-(2t)P(¢=1/2.2k5 D which is at most 2k20D - (2k)P*/2 < § - (2k)?P* as required. W
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